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While differences in natural selection pressures have long 
been at the forefront of hypothesized drivers of speciation 
(Darwin 1859; Schluter 2001, 2009; Nosil 2012; Langerhans 
& Riesch 2013), the role of sexual selection in speciation is 
still under debate (Ritchie 2007; Seddon et al. 2013). There 
has long been an interest in testing the role of sexual selec-
tion, or patterns of differential mating and fertilization suc-
cess, in the evolution of phenotypic distinctions that may ul-
timately be responsible for reproductive isolation (Darwin 
1871; West-Eberhard 1983; Sætre et al. 1997; Price 1998; 
Uy and Borgia 2000; Boughman 2001; Irwin et al. 2001; Pan-
huis et al. 2001; Coyne & Orr 2004; Mendelson & Shaw, 2005; 
Boul et al. 2007; Ritchie 2007; Kraaijeveld et al. 2011; Sed-
don et al. 2013). Sexual selection may facilitate speciation 
when sexual signal traits and their associated preferences 
divergently co-evolve in closely related populations, leading 
to the evolution of premating isolation (West-Eberhard 1983; 
Price 1998; Panhuis et al. 2001; Ritchie 2007; Butlin et al. 
2012; Safran et al. 2013). The potential strength of sexual se-
lection in facilitating speciation is that such traits have the 
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Abstract
Previous studies have shown that sexual signals can rapidly diverge among closely related species. However, we 
lack experimental studies to demonstrate that differences in trait-associated reproductive performance maintain 
sexual trait differences between closely related populations, in support for a role of sexual selection in speciation. 
Populations of Northern Hemisphere distributed barn swallows Hirundo rustica are closely related, yet differ in two 
plumage-based traits: ventral color and length of the outermost tail feathers (streamers). Here we provide exper-
imental evidence that manipulations of these traits result in different reproductive consequences in two subspe-
cies of barn swallow: (H. r. erythrogaster in North America and H. r. transitiva in the East Mediterranean). Experi-
mental results in Colorado, USA, demonstrate that males with (1) darkened ventral coloration and (2) shortened 
streamers gained paternity between two successive reproductive bouts. In contrast, exaggeration of both traits im-
proved reproductive performance within H. r. transitiva in Israel: males with a combination treatment of darkened 
ventral coloration and elongated streamers gained paternity between two successive reproductive bouts. Collec-
tively, these experimental results fill an important gap in our understanding for how divergent sexual selection 
maintains phenotype differentiation in closely related populations, an important aspect of the speciation process.
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potential to evolve much faster (Hoekstra et al. 2001; King-
solver et al. 2001), and directly lead to prezygotic reproduc-
tive isolation before post-insemination reproductive isolation 
evolves (Coyne & Orr 1989).
Evidence suggests that sexual selection may be especially 
important in the early stages of speciation (West-Eberhard 
1983; Panhuis et al. 2001; Kraaijeveld et al. 2011; Butlin 
et al. 2012; Safran et al. 2013). Results from comparative 
analyses (Gray & Cade 2000; Masta & Maddison 2002; Kraai-
jeveld et al. 2011; Seddon et al. 2013), theory (Lande 1981; 
Kirkpatrick & Ravigné 2002; van Doorn et al. 2009), and em-
pirical studies (Irwin et al. 2001; Svensson et al. 2006; Ro-
dríguez et al. 2013; Svensson & Waller 2013) demonstrate 
that variation in sexual signals, mate selection behaviors, 
or mate preferences can diverge among closely related taxa 
and lead to reproductive isolation and the evolution of inde-
pendent lineages. Whereas previous studies have shown that 
sexual signals can rapidly diverge among closely related spe-
cies (Irwin et al. 2001; Svensson et al. 2006; Rodríguez et al. 
2013; Seddon et al. 2013; Svensson & Waller 2013), we lack 
studies that experimentally demonstrate evidence for asso-
ciations between reproductive performance and trait diver-
gence among closely related populations. Studies that have 
used playback experiments (Boul et al. 2007; Rodríguez et al. 
2013), and manipulated male phenotypes (Svensson & Waller 
2013) have suggested important roles for sexual selection in 
population divergence. However, while critical for examin-
ing trait and trait-preference divergence, previous research 
has not directly quantified whether variation in male signal 
traits is a function of divergence in reproductive performance 
associated with those traits. Thus, there are still fundamen-
tal gaps in our understanding of how sexual selection influ-
ences speciation.
While divergence of sexual signal phenotypes among 
closely related populations is arguably an important aspect 
of the process of speciation (Coyne & Orr 2004), the causes of 
population divergence are difficult to address long after spe-
cies have become isolated in independent lineages because 
the process of divergence is confounded by further evolution-
ary changes speciation (Coyne & Orr 2004). Recently formed 
sister taxa or species complexes are advantageous for compar-
ative studies of reproductive isolation, as they enable infer-
ences about the maintenance of population-level differences 
by ongoing divergent selection. Accordingly, the strongest ev-
idence for a role for divergent sexual selection in speciation 
would come from experimental studies in recently diverged 
taxa where it is possible to analyze whether the maintenance 
of phenotype differences is associated with variation in trait-
associated reproductive performance (Panhuis et al. 2001, 
Safran et al. 2013).
The barn swallow species complex (Hirundo rustica: 
Family Hirundinidae) encompasses a widespread breed-
ing distribution throughout the Northern Hemisphere. Re-
cent phylogeographic and population genetic analyses sug-
gest this group formed rapidly and, as such, is not strongly 
genetically differentiated, despite marked phenotypic and 
behavioral differentiation among populations (Dor et al. 
2010, 2011; Scordato and Safran 2014, Safran et al. 2016). 
In particular, melanin-based feather color and the length of 
the outermost tail feathers (streamers; McGraw et al. 2004, 
2005) of male barn swallows vary among closely related sub-
species (Turner & Rose 1989; Turner 2006; Scordato and 
Safran 2014). The European barn swallow (H. r. rustica) 
has been the subject of intense research activity that has re-
vealed sexual selection for elongated tail streamers in males 
(Møller 1988, 1989, 1994; Turner 2006; Saino et al. 2007). 
Research in North American populations (Safran et al. 2005) 
demonstrated a causal relationship between ventral color-
ation and reproductive success, whereas correlational and 
experimental studies in another closely related, yet geo-
graphically distant, subspecies in the east Mediterranean 
(H. r. transitiva) revealed that both elongated tail stream-
ers and dark plumage color are associated with greater re-
productive performance in males (Vortman et al. 2011, 2013). 
Correlational studies from Japan (H. r. gutturalis) indi-
cated that sexual selection may act on one aspect of ventral 
color—the size and color of the male throat patch—with re-
duced sexual selection on streamer length compared to H. r. 
rustica males (Hasegawa et al. 2010, 2014). Further, previ-
ous work has shown that both streamer length and ventral 
color are heritable within and among different populations of 
barn swallows (reviewed in Scordato and Safran 2014; Vort-
man et al. 2015; Hubbard et al. 2015). The results of these 
studies collectively suggest the hypothesis that phenotypic 
differences in heritable male sexual traits among subspecies 
are indeed related to variation in trait-associated reproduc-
tive performance, but do not provide experimental evidence 
for divergent sexual selection.
To directly test for a role of divergent sexual selection 
in phenotypic differentiation, we replicated the same phe-
notype manipulation experiment in two geographically iso-
lated, closely related, but phenotypically distinct subspecies 
of barn swallows (H. r. erythrogaster in North America and 
H. r. transitiva in Israel). Males in North America have 
shorter tail streamers but darker ventral coloration compared 
to males in Israel. Like most songbirds, extra-pair mating is 
prevalent in barn swallows (Saino et al. 1997, Kleven et al. 
2005; Safran et al. 2005; Neuman et al. 2007, Vortman et al. 
2011). We thus designed an experiment to analyze changes 
in a male’s paternity in two successive breeding bouts, be-
fore and after an experimental manipulation of a male’s phe-
notype. The results from the H. r. transitiva study in Is-
rael are published elsewhere (Vortman et al. 2013). Here, 
we (1) report experimental details and results for a popula-
tion of H. r. erythrogaster in Colorado, USA, and then (2) 
directly compare results obtained from the same experiment 
conducted separately in each subspecies to (3) clearly assess 
differences in reproductive outcomes associated with diver-
gent mate preferences.
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Methods
Barn swallows in the USA were studied at 15 breeding sites 
in Boulder and Jefferson Counties, Colorado from April–July 
2009. Each breeding location is a discrete location (barn, ga-
rage, bridge) in which the number of breeding pairs ranged 
from 1 to 45. Barn swallows in Israel were studied at two 
breeding locations over two consecutive breeding seasons 
from November 2008 through July 2010 (additional details 
can be found in Vortman et al. 2013). The exact same exper-
imental protocol, described below, was applied to breeding 
populations in Colorado and Israel.
Phenotype Data Collection
In each study location we captured using mist nets, uniquely 
marked with color bands, and collected a blood and feather 
sample from all males and females before they initiated their 
first clutch of eggs. Individuals were observed at their nests 
to identify social breeding pairs. We measured or collected the 
following from each individual: (1) a sample of ventral feath-
ers for objective color quantification, (2) length of tail stream-
ers, and (3) blood samples as a DNA source from each bird 
(approx. 50 μl, stored in 2% SDS lysis buffer).
Color measurement
We collected 5–10 feathers from the breast (upper ven-
tral region) and stored them in small envelopes in a dark, 
dry environment prior to measurement (following Safran 
and McGraw 2004). We assessed the color of these sam-
ples by measuring plumage brightness using an Ocean Op-
tics USB4000 spectrometer (Dunedin, FL). Reflectance data 
were generated relative to a white standard (Ocean Optics 
WS-1) and a dark standard (all light excluded), and spectra 
were recorded with the SpectraSuite software package (ver. 
2.0.125; Ocean Optics, Inc.). We used average brightness, 
which was calculated from three separate measurements of 
the collected breast feathers, as a representative metric of 
overall ventral plumage color because the three traditional 
axes of color (hue, chroma, and brightness) were found pre-
viously to be highly correlated across the ventral region of 
individual barn swallows (Safran and McGraw 2004, Mc-
Graw et al. 2005; J. K. Hubbard, unpubl. data), and bright-
ness is the most variable dimension of color in this region (J. 
K. Hubbard, unpubl. data). Lower brightness scores (% re-
flectance) indicate plumage color that appears darker, red-
der, and more saturated when compared to feathers with 
higher brightness scores.
Experimental Setup
We analyzed reproductive outcomes associated with the 
same set of phenotype manipulations in Colorado and Is-
rael and then compared these results to test hypotheses 
about divergent sexual selection. After social pairs were 
identified, we (1) allowed a female to settle with a mate to 
lay a complete clutch of eggs, and (2) experimentally re-
moved this first clutch of eggs one week to 10 days into 
the incubation period to simulate a nest predation event. 
On the same day as the egg removal, we (3) recaptured 
each male to manipulate his phenotype using six treat-
ment groups (see text below and Table S1). Clutch removal 
induced each female to lay a replacement clutch after the 
phenotype of her mate was experimentally manipulated, 
enabling us to (4) directly test differences in a male’s pa-
ternity before and after phenotypic manipulation. The use 
of within-individual comparisons is a powerful means for 
removing potential confounding factors that are otherwise 
difficult to control (e.g., aspects of the pre-manipulation 
phenotype: age, experience, arrival date, nest site, iden-
tity, and phenotype of mate).
Phenotype manipulations
In total, 67 males were manipulated in Israel, 66 in Col-
orado. On day 10–11 of the incubation period, when the 
eggs from first clutches were removed, males were recap-
tured and randomly assigned to one of six treatment groups: 
“dark”, “short”, “long”, “dark + short”, “dark + long”, and 
“control.” For (1) “dark” males (n = 8 Israel, n = 7 Colo-
rado), all of the feathers along the entire ventral portion of 
each male were darkened using a Prismacolor nontoxic art 
marker (shade: light walnut); color resulting from this ma-
nipulation falls within the natural range of variation (Saf-
ran et al. 2005, 2008; Vitousek et al. 2013; Vortman et al. 
2013). For (2) “short” (n = 6 Israel, n = 7 Colorado) and (3) 
“long” males (n = 6 Israel, n = 6 Colorado), tail streamers 
were shortened or elongated by reducing or increasing the 
length of each streamer by 1.5 standard deviations from the 
population mean (i.e., 13 mm in Israel [Vortman et al. 2013] 
and 9.3 mm in Colorado). For (4) “dark + short” (n = 6 Israel, 
n = 8 Colorado) and (5) “dark + long” males (n = 6 Israel, n 
= 9 Colorado), combinations of streamer reduction or elon-
gation were paired with ventral feather darkening. Finally, 
as a (6) “control” (n = 7 Israel, n = 9 Colorado), we included 
an unmanipulated group of males. Sham control treatments 
for both the tail streamer and color manipulations have pre-
viously been shown to not affect paternity outcomes in barn 
swallows (Saino et al.1997; Safran et al. 2005). It is difficult 
to remove melanin-based color from birds without abrad-
ing the microstructure of their feathers, and we have thus 
far not found a suitable, nontoxic way of doing this. Accord-
ingly, our treatments do not include a “light” group. Note 
that each individual was captured temporarily and released 
immediately after the phenotype manipulation. See Table 
S1 for a complete description of each experimental treat-
ment. The post-manipulation data for Israel is reported in 
Vortman et al. (2013). Below, we report the post-manipula-
tion phenotype information for each treatment for the Col-
orado population.
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Sample size
Our initial sample included 66 study pairs, of which 59 pairs 
(89%) initiated a replacement clutch within one week after 
clutch removal. Of those 59 pairs, 11 failed due to nest pre-
dation (n = 6), a falling nest (n = 2), or the failure of eggs to 
hatch (n = 3). Two additional pairs were removed from our 
analysis because of genotyping error. The number of nest 
failures did not differ by treatment group (likelihood ratio 
test, chi-square = 5.085, P > 0.40, see Table S2). Treatments 
were randomly assigned across 15 breeding sites with ad-
ditional consideration of minimizing the replication of each 
treatment. There was no replication of any one of the six 
treatments at smaller sites consisting of eight or fewer pairs; 
only the largest breeding sites had more than one replicate 
of each treatment.
Changes in tail streamer length
Males randomly assigned to the tail streamer “short” or 
“long” groups had their streamers shortened by 1.5 stan-
dard deviations from the population mean, relative to their 
original streamer length (approximately 9.3 mm). For all in-
dividuals, tail streamers were cut 15 mm from the base of 
attachment and shorter or longer streamers were reattached 
by connecting each piece of streamer together with fishing 
line in the interior portion of each feather to add structure 
and with super glue to maintain the connection (Bro-Jør-
gensen et al. 2007). The end of the reattached streamer 
was then trimmed such that the manipulation added or re-
duced the original streamer length by 9.3 mm. Males in the 
“short” group had an original streamer length of (mean ± 
SD) 90.97 ± 7.21 mm, whereas the post-manipulation av-
erage was 80.80 ± 6.34 mm; their streamers were short-
ened by an average of 8.97 ± 6.82 mm (paired t-test: post-
manipulation, minus pre-manipulation streamer length, t 
= –5.87, df = 19, P < 0.001). Males in the “long” group had 
an original streamer length of (mean ± SD) 91.10 ± 5.92 
mm, whereas the post-manipulation streamer length aver-
age was 101.30 ± 5.38 mm; their streamers were lengthened 
by an average of 10.29 ± 2.68 mm (paired t-test: within-in-
dividual difference in post-manipulation minus pre-manip-
ulation streamer length differs from zero, t = 16, df = 17, P 
< 0.001). After the streamer was trimmed to the appropri-
ate length, we also rounded the edges to mimic the natural 
shape of this structure.
Changes in color
Males in the three color treatment groups (“dark”, “dark + 
long”, and “dark + short”) had an original breast brightness 
measure of (mean ± SD) 25.93 ± 6.49% brightness, whereas 
the post-manipulation average was 20.20 ± 4.26% brightness; 
their feather color was darkened by reducing average bright-
ness by (paired t-test: post-manipulation minus pre-manipu-
lation color, t = 23.18, df = 23, P < 0.001).
Genetic paternity analyses
We used microsatellite-based analyses to determine the pa-
ternity of offspring in first versus replacement broods in or-
der to examine changes in paternity allocation in response 
to experimental manipulation of male sexual signals (Safran 
et al. 2005; Vortman et al. 2013). DNA samples from each em-
bryo in the first clutch and from each nestling in the replace-
ment brood, as well as their parents, were genotyped at six 
variable microsatellite loci (see Supporting Information for 
details). We then compared paternity allocation to the same 
male across broods as a function of treatment group (Safran 
et al. 2005; Vortman et al. 2013).
Statistical Analyses
All analyses were conducted using SAS version 9.2. We mea-
sured reproductive performance using three metrics to char-
acterize a male’s paternity of the offspring in his nest: num-
ber of own young, number of extra-pair young, and proportion 
of own young (number of own young/total number of off-
spring). Paternity outcomes were compared for each breed-
ing bout (before and after phenotype manipulation) to di-
rectly assess the impact of the phenotype manipulation. We 
used these three metrics to describe paternity because the 
proportional and count data can offer different insights into 
the outcome of our experiment. First, proportional data are 
sensitive to variation in clutch and brood size and thus the 
complement of providing count data is important. Second, 
proportional data can provide insights into how females al-
locate resources toward particular males, whereas informa-
tion about the number of eggs and offspring (count data) can 
provide insights about female investment. Because these 
three paternity measures are correlated with one another, 
we assess the significance of treatment effects using boot-
strap analyses when P < 0.05. For models where the effect of 
‘treatment’ is significantly different from zero, we analyze the 
significance of multiple comparisons among treatment groups 
using confidence intervals around parameter estimates (Na-
kagawa 2004).
Analyzing baseline paternity before the phenotype 
manipulation
The proportional data (paternity of males across each treat-
ment group at the start of the experiment) could be biased by 
differences in the clutch and brood sizes. Thus, we applied a 
logistic model using the binomial dependent variable (num-
ber of own young in clutch versus total number of young in 
clutch) and a logit-link function to analyze differences among 
treatment groups at the start of the experiment (following 
Safran et al. 2005). Further, to analyze a male’s pre-manip-
ulation paternity from his social mate, we used both para-
metric (ANOVA) and nonparametric (Kruskal–Wallis) anal-
yses, given the nonnormal distribution for two of these three 
paternity measures.
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Analyzing changes in a male’s paternity as a function of 
the phenotype manipulation
Next, we analyzed the differences in these three paternity 
variables between the two successive breeding attempts to di-
rectly assess the consequences of phenotypic manipulations. 
Differences in paternity measures (calculated as the differ-
ence in paternity before and after the manipulation), were 
all normally distributed, with statistically equivalent vari-
ances, within each treatment group (Fig. S1). Accordingly, 
we were able to use F-tests (one-way ANOVAs) to describe 
the results of our experiment with respect to the three mea-
sures of paternity.
Hypothesis tests
In each population, we manipulated both ventral coloration 
and tail streamer length using the exact same methods. The 
replication of the same experiment in two closely related, yet 
geographically isolated populations enabled us to test the fol-
lowing hypothesis: divergent sexual selection maintains heri-
table phenotypic differences between these young subspecies. 
Specifically, we predicted that H. r erythrogaster and H. 
r. rustica males differ in reproductive outcomes associated 
with the same set of phenotype manipulations. We analyzed 
whether the same phenotype treatments had different repro-
ductive consequences for males in each population by test-
ing whether the statistical interaction between breeding loca-
tion (Colorado and Israel) and phenotype treatment differed 
from zero. Support for this hypothesis would provide causal 
evidence for a role of divergent sexual selection in maintain-
ing phenotype differences among these closely related pop-
ulations. Further, our experimental design enabled us to di-
rectly analyze and compare which traits are causally related 
to reproductive performance within and among each popula-
tion of barn swallows.
We adopted two complementary hypothesis-testing ap-
proaches to examine the effects of the phenotype manipula-
tions. Each of these approaches assessed the significance of 
“treatment” (Colorado) or “treatment × country” (Colorado vs. 
Israel). Note that although the data from Israel are based on 
two years of data collection, previous analyses within Israel 
tested for and did not find an influence of “year” on paternity 
outcomes (Vortman et al. 2011, 2013).
For all models with a significant “treatment” or “treat-
ment × country” effect, we applied post hoc t-tests to com-
pare pairwise differences among treatment groups. For 
the Colorado population, we analyzed treatment outcomes 
relative to outcomes in the control group using a special-
ized multiple comparison approach (Dunnett’s test; Dun-
nett 1955). The null hypothesis for this analysis is that 
there are no differences in a male’s paternity as a function 
of the experimental treatment when compared to changes 
in males within the control group. For the comparisons of 
Colorado to Israel, we used adjusted treatment effects, ac-
counting for differences in control group outcomes (see Ta-
ble S5), to analyze the significance of the “treatment × coun-
try” interaction.
For the comparative study of treatment outcomes in Is-
rael and Colorado, we tested the hypothesis of divergent sex-
ual selection by analyzing whether treatment outcomes dif-
fer among populations with the null hypothesis stated as no 
effect of a “treatment × country” interaction. In cases where 
we failed to find support for the null hypothesis (the effect of 
the “treatment × country” interaction was significantly dif-
ferent from zero), we analyzed post hoc comparisons of the 
same treatment outcome using t-tests. We further analyzed 
differences in treatment outcomes relative to outcomes for 
males in the control group.
Based on previous correlational work, we predicted that 
males in Colorado in our “dark” treatment would have the 
greatest paternity gains (Safran and McGraw 2004; Neuman 
et al. 2007), as was shown in a previous manipulative exper-
iment of this trait alone (Safran et al. 2005). Further, based 
on previous correlational work in the North American pop-
ulation, we did not a priori predict that males in either of 
our streamer length treatments would have strong paternity 
gains (Safran and McGraw 2004; Neuman et al. 2007). In con-
trast, previous experimental work within H. r. transitiva 
has shown that males whose streamers were elongated and 
ventral plumage darkened had the greatest paternity gains 
(Vortman et al. 2013).
Significance testing
We analyzed the significance of multiple comparisons among 
treatment groups using confidence intervals around param-
eter estimates (Nakagawa 2004). We further applied boot-
strapping analyses, a resampling method used for analyzing 
the precision and accuracy of significance tests (Whitlock & 
Schluter 2009). For all significance tests related to our exper-
imental design (full models), we conducted 5000 bootstraps 
from which we report the mean and 95% confidence intervals 
for each P-value estimate.
Results
Trait Differences
Among the six widespread subspecies of barn swallow, both 
the North American and Israeli populations are considered 
relatively dark in ventral color (Scordato and Safran 2014). 
Between these two populations, North American males have 
shorter tail streamers (mean ± SD, Colorado: 91.02 mm ± 
7.25, Israel: 102.81 mm ± 10.20, t = 8.28, P < 0.001, df = 
71.92) and slightly darker ventral plumage (mean breast % 
brightness ± SD, Colorado: 23.09 ± 6.43, Israel: 29.51 ± 7.84, 
t = 3.02, P < 0.001, df = 74.15) compared to males in Israel.
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Phenotype Experiment
Experimental details
There were no differences in the color (ANOVA, breast bright-
ness: F5, 25 = 0.46, P > 0.80) or tail-streamer lengths (ANOVA, 
tail streamer length, F5, 45 = 1.18, P > 0.33) of males that 
were randomly assigned to the six treatment groups at the 
start of the experiment. Moreover, because our experimen-
tal manipulations were highly synchronized, there were no 
differences in the clutch-initiation dates of the first breed-
ing attempts among the six treatment groups (ANOVA: F5, 
46 = 0.96, P > 0.45). Finally, there were no overall differences 
in the clutch sizes within nests associated with males ran-
domly assigned to our experimental treatments in the first 
(ANOVA: F5, 46 = 0.65, P > 0.66) and second, replacement 
clutches (ANOVA: F5, 46 = 1.90, P > 0.11). Whereas there is 
typically a seasonal reduction in reproductive output in pas-
serine birds, we did not find a difference in the clutch size be-
tween the first and replacement breeding attempts: average 
clutch size for first attempt = 4.72, SD = 0.64, average clutch 
size for replacement attempt = 4.69, SD = 0.73, two-sample 
t-test t = 0.80, P > 0.80, df = 120.
Baseline paternity in first clutches
In the clutches laid before phenotype was manipulated, there 
were no initial differences in paternity across treatments 
(number of own young in clutch versus total number of young 
in clutch): logistic model, chi-square = 5.90, P > 0.31, num-
ber of a male’s own young in nest: Kruskal–Wallis test, chi-
square = 5.32, df = 5, P > 0.37; number of extra-pair young 
in male’s nest (Kruskal–Wallis test, chi-square = 5.55, df = 
5, P > 0.35 (Fig. 1).
Changes in paternity as a function of the phenotype 
manipulation
Relative to a male’s paternity in the first breeding at-
tempt, there was a significant effect of the plumage color 
and streamer manipulations on two of the three measures 
of changes in a male’s paternity (differences in proportion of 
paternity: ANOVA, F5,45 = 2.52, P < 0.02, bootstrap analy-
sis: mean P-value < 0.009, lower and upper 95% CI = 0.007–
0.009; differences in number of a male’s own young in nest: 
ANOVA, F5,45 = 1.48, P > 0.21; bootstrap analysis: P < 0.06, 
CI = 0.050–0.057; changes in the number of extra-pair young 
in male’s nest: ANOVA, F5,45 = 3.92, P < 0.01, bootstrap anal-
ysis: P < 0.008, CI = 0.006–0.007; Fig. 2).
We applied post hoc pairwise comparisons (t-tests) for 
the analysis of changes in proportion of paternity (Fig. 2a) 
and differences in the number of extra-pair young (Fig. 2c). 
Males in the “dark” and “short” groups gained paternity 
and had reduced levels of extra-pair young in their second, 
post-manipulation, reproductive bouts compared to their 
first (Table S3).
Comparisons of changes in paternity relative to males as-
signed to the control group indicate that males in the “dark” 
and “short” groups were significantly different from the con-
trol groups in terms of changes in the proportion of pater-
nity. In contrast, only males in the “dark” group had changes 
in the number of extra-pair young between two successive 
breeding attempts (Table S3).
Phenotype Experiments: Comparing Colorado And 
Israel
For all three measures of paternity, we found a significant 
effect of the interaction of country and treatment (Table 1, 
Fig. 3). Post hoc pairwise comparisons of the same treatment 
outcomes (Fig. 3, Table S4) indicate that population differ-
ences are most pronounced for males in the “dark + long” 
and “dark + short” treatment groups. Although we did not 
Figure 1. (a) The proportion of within-pair young sired by males 
in three treatment groups did not differ at the start of the exper-
iment. (b) The number of offspring in the nest that were sired by 
the focal male did not differ across treatments at the start of the 
experiment. (c) The number of extra-pair offspring (a measure of 
cuckoldry) in the nest of the focal male that were sired by other 
males in the population did not differ across treatments at the 
start of the experiment. In all three figures, mean ± SE is shown.
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find statistically significant differences in the control groups 
across the three different measures of paternity outcomes, 
Colorado males in the control treatment lost paternity, 
whereas males in Israel did not. We thus explored these po-
tentially confounding differences. Controlling for differences 
in the paternity outcomes for the control groups in Israel 
and Colorado (Table S5) indicate that our results are not ex-
plained by population differences in control group reproduc-
tive performance (Table S6).
Discussion
Phenotype differentiation is inextricably involved in the spe-
ciation process, whether in relation to local adaptation to eco-
logical or social context, or both (Maan and Seehausen 2011; 
Safran et al. 2013). Further, differences in phenotype have 
been shown to obstruct gene flow between closely related pop-
ulations (e.g., Shafer and Wolf 2013), indicating the role of 
trait differentiation and the evolution and maintenance of ge-
netic divergence and reproductive isolation. Whereas previ-
ous work has demonstrated the importance of ecological ad-
aptation to the speciation process (e.g., Schluter 2001, 2009), 
empirical research based on population studies and phyloge-
netic comparative analyses has also provided evidence that 
sexual signal traits can rapidly diverge among closely related 
species (e.g., Irwin et al. 2001; Svensson et al. 2006; Rodrí-
guez et al. 2013; Seddon et al. 2013; Svensson & Waller 2013). 
However, experimental evidence for divergence in trait-asso-
ciated reproductive outcomes is needed to infer a role of sex-
ual selection in the maintenance of sexual signal differences 
among closely related populations.
Here, we establish experimental evidence for a role of di-
vergent sexual selection in the maintenance of phenotype 
differences in two closely related, geographically isolated 
populations. Specifically, these results indicate that sexual 
selection favors different combinations of the same traits in 
recently diverged, yet geographically isolated populations of 
barn swallows. In Colorado, males gained paternity in asso-
ciation with both the “dark” and “short” treatments, suggest-
ing that darker ventral plumage and shorter streamer length 
are associated with reproductive performance in this popula-
tion. Males in Israel gained paternity in association with the 
combination “dark + long” treatment, indicating that darker 
ventral plumage and longer streamer length are associated 
with reproductive performance in this population (Vortman 
et al. 2013). Direct comparisons between the two populations 
indicate a significant effect of the interaction of “country × 
treatment” and post hoc analyses to compare paternity out-
comes associated with the same phenotype treatment show 
the most divergent effects for the “dark + short” and “dark + 
long” treatments.
Further, the outcomes from experimental treatments mir-
ror the quantitative trait variation among these populations. 
Both populations are fairly dark in ventral plumage com-
pared to other subspecies of barn swallows, whereas males 
in Colorado and throughout North America have short tail 
streamers compared to other barn swallow populations and 
males in Israel have among the longest streamers (Turner 
2006; Scordato and Safran 2014). Our comparative experi-
ments therefore suggest that differences in sexual selection 
play an important role in maintaining phenotypic differences 
in these closely related populations of barn swallows.
Colorado Paternity Experiment
Males with experimentally darkened ventral color gained pa-
ternity benefits from their social mates, corresponding to the 
results of a similar experiment conducted in a population 
Table 1. Population differences in changes in paternity as a function of phenotype manipulation in 85 breeding pairs (n = 46 from 
Colorado and n = 39 from Israel)
Factor F (df) P Bootstrap results  
   (5000 permutations)  
   Mean P-value/lower  
   and upper 95% CI
Changes in a male’s proportion of paternity in successive reproductive bouts
Country 0.47 (1,73) >0.50 0.42/ 0.42–0.44
Treatment 2.92 (5,73) <0.02 0.02/0.02–0.03
Country × Treatment 3.31 (5,73) <0.01 0.02/0.02–0.02
Changes in a male’s number of own offspring in successive reproductive bouts
Country 0.62 (1,73) >0.43 0.40/0.36–0.41
Treatment 0.92 (5,73) >0.47 0.29/0.22–0.23
Country × Treatment 2.59 (5,73) <0.05 0.04/0.04–0.04
Changes in a male’s number of extra-pair offspring in a focal male’s nest in successive reproductive bouts
Country 0.91 (1,73) >0.34 0.37/ 0.37–0.38
Treatment 3.15 (5,73) <0.02 0.03/0.02–0.03
Country × Treatment 4.17 (5,73) <0.01 0.01/<0.01–0.01





















































of North American barn swallows in New York State (Saf-
ran et al. 2005). A lack of clear benefits associated with 
longer streamers corresponds to several previous correla-
tional (Safran and McGraw 2004; Neuman et al. 2007) and 
experimental (Smith & Montgomerie 1991; Smith et al. 1991) 
results from barn swallow populations in the northeastern 
United States, with one exception. A correlational study of 
streamer length and paternity outcomes in a Canadian pop-
ulation of barn swallows (Kleven et al. 2006) indicated that 
males with longer streamers do not have paternity advan-
tages within their social pair bond, but rather outside of it. 
Our experiment in Colorado was designed to analyze within-
pair changes in a male’s paternity as a function of the pheno-
type manipulation. However, data from a smaller breeding 
populations in Israel suggest that manipulated males of the 
“dark + long” treatment group also increased their number of 
extra-pair young outside of their social pair bond (Vortman 
et al. 2013), suggesting that these traits further influence 
males’ reproductive success gains via extra-pair matings. Al-
though the possibility of alternative reproductive strategies 
involving within- versus extra-pair reproductive success mer-
its further study, the fact that our experimental results con-
cur with phenotype differences among these closely related 
populations suggests we are not missing important and po-
tentially surprising relationships between male phenotype 
and reproductive performance.
As shown in an earlier ventral plumage manipulation ex-
periment (Safran et al. 2005), Colorado males with darkened 
plumage color gained paternity in replacement clutches, 
demonstrating that ventral color is causally related to repro-
ductive performance in two different populations of North 
American barn swallows. The additional insights gained 
from the tail streamer manipulations in this North Ameri-
can population are surprising: counter to tail elongation ex-
periments in European populations (Saino et al. 1997) and 
in Israel (Vortman et al. 2013), we did not find evidence 
of paternity gains associated with streamer elongation. In-
stead, our results indicate paternity gains for males with 
shortened streamers. Surprisingly, the paternity outcomes 
associated with the combination treatment “dark + short” 
did not differ from zero, suggesting a lack of response to the 
presentation of both phenotype manipulations within an in-
dividual. The lack of paternity gains associated with the 
“dark + short” treatment is interesting given that ventral 
color and streamer length is not correlated in North Ameri-
can populations of barn swallows (Wilkins et al. 2015); Saf-
ran and McGraw 2004.
Divergent Sexual Selection
Accumulating case studies have documented a coupled di-
vergence in sexual signaling traits and reproductive per-
formance, which indicates sexual selection is playing a role 
in speciation (e.g., reviewed in Maan and Seehausen 2011). 
However, little is known about why populations diverge in 
signaling traits related to reproductive performance. Varia-
tion among populations in sexually selected traits may have 
evolved due to drift or stochastic events in each population, 
later amplified in a Fisherian “run-away” process, or due to 
environmental differences which impose different costs on 
Figure 2. Changes in a male’s paternity between two succes-
sive breeding events: the post-manipulation event minus the 
first breeding event. (a) Differences in proportion of paternity 
for the replacement broods minus the proportion of paternity 
for the first breeding attempts; a positive change indicates that 
males gained paternity from their social mate between breeding 
events; (b) Differences in the number of young sired by the fo-
cal male indicate no overall changes in the number of offspring 
a male sired in his nest as a function of phenotype manipula-
tion. (c) Differences in the number of extra-pair young sired by 
other males in the population. A negative change in the number 
of extra-pair young (c) indicates that males cared for fewer ex-
tra-pair offspring in their second breeding event, compared to 
their first. In all three figures, mean ± SE is shown. In (a) and (c), 
where we found a significant effect of “treatment,” we illustrate 
post hoc differences in treatment groups as follows: treatment 
groups connected by a line indicate that the paternity outcomes 
did not differ significantly among these treatments. Treatment 
groups not connected by a line indicate significant differences 
among those groups.
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signal maintenance or detectability (Schluter and Price 1993; 
Seehausen et al. 2008; Maan & Seehausen 2011; Wagner 
et al. 2012). Recent theory (van Doorn et al. 2009), synthesis 
(Maan and Seehausen 2011), and a classic model (Schluter 
and Price 1993) propose that sexual selection can drive spe-
ciation as organisms adapt to new environmental and so-
cial contexts. Here, a general hypothesis is that signal di-
vergence is underlain by a pattern in which females prefer 
the most informative male signal in a given environmen-
tal and social context (Schluter and Price 1993). Although 
populations of barn swallows throughout their widespread 
breeding distribution are fairly similar in social behavior and 
ecological variables related to breeding (nest site, aerial in-
sectivory), individuals breeding in Israel and Colorado are ex-
posed to different ecological contexts in terms of predators, 
parasites, and climate that might be relevant to the devel-
opment or costs of sexual signals (i.e., aerodynamic restric-
tions; Bro-Jørgensen et al. 2007). Additionally, interesting 
life history differences are apparent between these closely re-
lated populations, as barn swallows in Israel are considered 
resident, whereas barn swallows in North American popula-
tions are long-distance migrants. These differences in large 
annual movements may influence traits related to flight, in-
cluding wing length and the extent of tail streamer elonga-
tion. Moreover, the transitiva population is located between 
two other distinct subspecies, H. r. rustica and H. r. sav-
ignii, which may affect the evolution of its sexual signals 
through gene flow or reinforcement (see Vortman et al. 2013), 
while the North American population is allopatric with re-
spect to other subspecies of barn swallow (Scordato and Saf-
ran 2014). Further analyses are needed to determine whether 
and which specific ecological variables influence sexual signal 
development or expression in order to test hypotheses about 
interactions of sexual and natural selection on morphologi-
cal trait divergence (Safran et al. 2013). One interesting pos-
sibility rests on differences in the parasite communities that 
both adults and nestlings are exposed to in Israel and North 
America, as these are known to influence the development of 
plumage color in the Colorado population (A. K. Hund and 
J. K. Hubbard, unpubl. data). Finally, nonadaptive hypothe-
ses as to why phenotypes differ between these populations in 
the first place must also be considered, including nonrandom 
associations between phenotype and founder effects, as barn 
swallows radiated from Africa to the entire northern hemi-
sphere. Yet, the concurrence between reproductive outcomes 
of the phenotype manipulation and actual phenotype diver-
gence between these two populations suggests some adap-
tive function to differences in male phenotypes of traits in 
Israel and Colorado.
Collectively, these experimental results fill an important 
gap in our understanding for how divergent sexual selection 
explains phenotype differentiation in closely related popula-
tions, an important aspect of the speciation process. While the 
exact causes for differences in sexual selection between the 
two populations are yet to be clarified, the presence of such 
differences that are consistent with the hypothesis that dif-
ferences in trait-associated reproductive performance main-
tains phenotypic differences between the two closely related 
populations.
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Genetic paternity analyses. DNA was extracted from embryos, and blood samples 
collected from nestlings and adults. All blood samples were stored in lysis buffer and 
then DNA was extracted using DNeasy Blood & Tissue Extraction kits (Qiagen, 
Maryland, U.S.A). Polymerase chain reaction (PCR) was utilized to amplify six 
previously developed microsatellite loci (Hanotte et al., 1994; McDonald & Potts,1994,  
Bensch, Price, & Kohn, 1997; Tsyusko et al., 2007). Reaction conditions for pooled 
Escu6, Ltr6, Hir20, and Hir11 primers consisted of a 10 µl solution with 50-100 ng DNA, 
0.12 mM of each labeled forward primer, 0.12 mM of each reverse primer, 200 µM each 
dNTP, 3.25 mM MgCl2, 1x PCR Buffer, 0.15 units Taq polymerase (New England 
Biolabs, Massachusetts, U.S.A.), and were amplified with the following protocol: initial 
denaturation step of 94°C for 1 minute, followed by 10 cycles of 94°C for 30 s, 55°C for 
30 s, and 72°C for 45 s, with an additional 25 cycles starting at 87°C for 30 s instead of 
94°C, and completed with a final extension at 72 °C for 3 min. The Pocc6 reaction was 
modified from the above conditions by using 1.25 mM MgCl2, and the above conditions 
were altered for the Hir19 reaction with 3 mM MgCl2, and 0.2 mM each forward and 
reverse primer. The PCR amplification protocol for Pocc6 and Hir19 was similar to the 
pooled loci protocol with the exception that 60°C was used for the annealing 
temperature. Amplified PCR products containing the fluorescently-labeled forward 
primer were detected using an ABI3730 DNA analyzer (ABI, Inc.). 
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Using GeneMapper software (v4.0, Applied Biosystems), we assigned genotypes 
for 265 nestlings, 292 embryos and 46 pairs of social parents at all six loci (Colorado) 
and for 157 nestlings, 183 embryos and 39 pairs of social parents at all six loci plus an 
additional locus (Vortman, Lotem, Dor, Lovette, & Safran, 2013). Genotypes from adults 
and offspring were incorporated into a paternity analysis using CERVUS software (v2.0) 
to calculate exclusion probabilities for assessing parentage, with a combined first-parent 
exclusion probability of 0.922 for all six loci. Paternity exclusion was conducted using 
similar parameters described in Neuman et al (Neuman et al., 2007). Briefly, we 
considered young as extra-pair if we detected two or more alleles across all loci 
examined that did not match the social father. 
We used three complementary measures of paternity to assess a male’s 
reproductive performance before and after the phenotype manipulation: number of own 
young (number of young a male sired in his nest), proportion of own young (number of 
own young a male sired in his nest relative to the total number of offspring in his nest), 
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Table S1. Description of six phenotype treatments applied to males in two populations. 
In all cases, a male’s phenotype was manipulated after a simulated predation event 
(egg removal) during the first breeding bout such that paternity outcomes could be 
examined in two successive bouts within one breeding season: before and after the 
phenotype manipulation.  
 
Treatment Description Israel (n) US (n) 
dark Color darkened within the natural range of 
variation using the application of a non-toxic 
permanent ink marker 
8 7 
short Streamer length reduced 1.5 SD of population 
mean 
6 7 
long Streamer length elongated by 1.5 SD of the 
population mean 
6 6 
dark + short Color darkened and streamer reduced 6 8 
dark + long Color darkened and streamer elongated 6 9 
control Phenotype not manipulated  7 9 
 






















dark 12 7   1 1 3 
short 10 7   1  2 
long 11 6 2 1   2 
dark + short 12 8  1 1 1 1 
dark + long 10 9 1     
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Table S3. Post-hoc comparisons following a significant treatment 
effect (Colorado experiment). 
 
Colorado: changes in proportion of young between broods 
 
T-test differences in treatment groups. Confidence limits (CL) are used to assess 




Difference Std Err Dif Lower CL Upper CL p-Value 
dark control 0.54 0.18 0.17 0.91 0.01 
short control 0.51 0.18 0.19 0.88 0.01 
dark long 0.43 0.20 0.02 0.83 0.03 
dark dark + long 0.41 0.18 0.04 0.77 0.02 
short long 0.39 0.20  -0.01 0.80 0.05 
short dark + long 0.38 0.18 0.01 0.75 0.04 
dark dark + short 0.28 0.18  -0.08 0.66 0.13 
short dark + short 0.26 0.183  -0.12 0.64 0.17 
dark + short control 0.25 0.17  -0.09 0.61 0.15 
dark + short long 0.14 0.19  -0.25 0.53 0.47 
dark + long control 0.13 0.17  -0.21 0.47 0.43 
dark + short dark + long 0.12 0.17  -0.23 0.47 0.49 
long control 0.11 0.19  -0.26 0.50 0.54 
dark short 0.03 0.19  -0.36 0.42 0.88 
dark + long long 0.01 0.199  -0.36 0.40 0.92 
 




 Difference Std Err Dif Z p-Value 
dark control 20.79 6.68 3.11 0.01 
short control 18.07 6.68 2.70 0.03 
dark + short control 11.35 6.44 1.76 0.39 
dark + long control 7.33 6.25 1.17 1.00 
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Colorado: changes in number of extrapair young between broods 
 
T-test differences in treatment groups. Confidence limits (CL) are used to assess 
the significance of differences given multiple comparisons. 
 
Level Compared to Difference Std Err Dif Lower CL Upper CL p-Value 
control dark 2.60 0.76 1.05 4.15 0.01 
dark + long dark 2.15 0.76 0.60 3.70 0.01 
long dark 2.04 0.84 0.33 3.75 0.02 
control short 2.03 0.76 0.48 3.58 0.01 
dark + long short 1.58 0.76 0.03 3.13 0.04 
long short 1.47 0.84  -0.23 3.18 0.08 
dark + short dark 1.33 0.78  -0.25 2.93 0.09 
control dark + short 1.26 0.73  -0.23 2.75 0.09 
dark + long dark + short 0.81 0.73  -0.67 2.31 0.27 
dark + short short 0.76 0.78  -0.82 2.35 0.33 
long dark + short 0.70 0.82  -0.95 2.36 0.39 
short dark 0.57 0.81  -1.07 2.21 0.48 
control long 0.55 0.80  -1.06 2.17 0.49 
control dark + long 0.44 0.71  -1.00 1.89 0.53 
dark + long long 0.11 0.80  -1.50 1.73 0.89 
 




Difference Std Err Dif Z p-Value 
dark +long control  -4.28 6.07  -0.70 1.00 
long control  -4.33 6.79  -0.63 1.00 
dark + short control  -9.62 6.26  -1.53 0.62 
short control  -15.28 6.49  -2.35 0.09 
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Figure S1. Frequency distributions of paternity outcomes for comparative experiment. 
 
Frequency distributions for three paternity outcome variables for the entire sample of 85 
individuals across six different treatments and two breeding locations. Each figure panel 
below portrays the frequency distributions for a) change in the number of own young, b) 
change in the number of extra-pair young, and c) change in proportion of paternity 
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Table S4. Post-hoc comparisons following a significant treatment x 
country effect (Colorado compared to Israel). 
 
Colorado x Israel: Changes in number of own young 
 
T-test differences in treatment groups across countries. Confidence limits (CL) are used 
to assess the significance of differences given multiple comparisons. 
 
Level Compared to Difference SE Lower CL Upper CL p-Value 
       
short, Israel  short, Colorado 1.86 1.07  -0.27 3.99 0.08 
dark + long, 
Israel 
dark + long, 
Colorado, 
1.72 1.02  -0.29 3.74 0.09 
control, Israel control, Colorado 1.68 0.97  -0.25 3.61 0.08 
dark, Israel  dark, Colorado  1.50 0.99  -0.48 3.48 0.13 
dark + short, 
Israel  
dark + short, 
Colorado  
1.37 1.04  -0.69 3.44 0.18 
long, Israel  long, Colorado 0.67 1.11  -1.54 2.87 0.55 
 
 
Colorado x Israel: Changes in proportion of own young 
 
T-test differences in treatment groups across countries. Confidence limits (CL) are used 
to assess the significance of differences given multiple comparisons. 
 
Level Compared to Difference SE Lower CL Upper CL p-Value 
       
dark + short, 
Israel 
dark + short, 
Colorado 
0.45 0.19 0.07 0.83 0.01 
dark + long,  
Israel 
dark + long, 
Colorado 
0.39 0.18 0.03 0.76 0.03 
control,Israel  control,Colorado 0.29 0.18  -0.06 0.64 0.10 
short,Israel short, Colorado 0.27 0.19  -0.12 0.66 0.16 
dark,Israel dark,Colorado 0.25 0.18  -0.11 0.61 0.17 
long,Israel long,Colorado 0.02 0.20  -0.38 0.43 0.90 
 
 
Colorado x Israel: Changes in number of extra pair young 
 
T-test differences in treatment groups across countries. Confidence limits (CL) are used 
to assess the significance of differences given multiple comparisons. 
Level Compared to Difference SE Lower CL Upper CL p-Value 
dark + short, 
Israel 
dark + short, 
Colorado 
2.21 0.80 0.61 3.80 0.01 
dark + long, 
Israel 
dark + long, 
Colorado 
1.94 0.78 0.38 3.50 0.01 
dark,Israel dark,Colorado 1.46 0.76  -0.06 2.99 0.05 
short,Israel short,Colorado 0.98 0.82  -0.66 2.62 0.23 
control,Israel control,Colorado 1.17 0.75  -0.31 2.66 0.11 
long,Israel long,Colorado 0.33 0.85  -1.37 2.04 0.69 
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Experimental outcomes controlling for differences in the control group between Israel 
and Colorado. For a conservative estimate of treatment differences by country, we 
adjusted each treatment outcome to a baseline, correcting for control group outcomes 
for each paternity measure (Table S4). The results (Table S5) indicate significant 
treatment x country interactions, as reported in Table 1. 
Table S5. Differences in the control group outcomes between Colorado and Israel that 
were used to scale paternity outcomes within each treatment and each country. 
Country Control treatment 
group average 










changes in number of 
















   
S9 
Table S5. Population differences in changes in paternity as a function of phenotype 
manipulation in 85 breeding pairs, controlling for control group differences  (n = 46 from 
Colorado and n = 39 from Israel). 
 
Factor F (df) P 
Changes in a male’s proportion of paternity in 
successive reproductive bouts 
Country 20.89 (1,73) < 0.01 
Treatment 3.15 (5,73) < 0.02 
Country x Treatment 4.17 (5,73) < 0.01 
   
Changes in a male’s number of own offspring in 
successive reproductive bouts 
Country 22.85 (1,73) < 0.01 
Treatment 0.92 (5,73) > 0.47 
Country x Treatment 2.59 (5,73) < 0.03 
   
Changes in a male’s number of extra-pair offspring in 
a focal male’s nest in successive reproductive bouts 
 
Country 19.81 (1,73) < 0.01 
Treatment 2.92 (5,73) < 0.02 
Country x Treatment 3.31 (5,73) < 0.01 
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